In connection with a study of the impurities present in tb e isooctane (2,2,4-trimethylpentane) certified for use as a primary standard reference fuel for the knock testing of motor fu els, a number of isoparaffin hydrocarbons have bee n obtained in a state of relatively high purity. The physical properties of these prepa rations whi ch have been accurately measured include in most cases the freez ing point, ASTM octane number, boiling point, refractive index, and density, the coefficients of variation of the last two with temperature, and the coefficient of variation of boiling point with pressure.
Normal heptane and the isooctane (2,2,4-trimethylpentane) are the compounds which have been adopted internationally as the primary standard reference fuels for the knock rating of automotiveengine fuels. In the latter part of 1934, the Cooperative Fuel Research Steering Committee, through its Subcommittee on Methods of Measuring Detonation,! requested the National Bureau of Stanq.ards to make an investigation of the impurities in these primary standards, with a view to developing specifications for purity.
As these materials are used for knock rating, it was necessary to determine not only the amount of each impurity present, but also its knock rating, as the total contamination which can be tolerated depends on the antiknock values of the constituents. Relatively large amounts of material had to be obtained in a state of reasonably high purity, as a knock rating requires a sample of about 200 mI. Smaller amounts of m aterial of higher purity were obtained where possible and several physical properties of the purest materials were measured. In several instances preparations were obtained which appeared to be of higher purity than those heretofore described. 1 Now the CFR Motor Fuels Committee.
319
[Vol, 10
II. SOURCE MATER IALS
As certified isooctane has averaged about 99 percent pure, it is obvious that a very large amount of material would have to be processed in or der to obtain the required amount of each impurity. However, the final purification of crude isooctane is by distillation, and the Rahm & Haas Co., manufacturers of isooctane, had on hand a quantity of forerun and still residue from this operation. They kindly offered to supply the quantity of each material required for this work. A total 
-Composite of fractional distillation of isooctane, forerun, and residue,
Portion A is tbe forerun from the purification of crnde isooctane, B is a distillation of a sample of certified " isooctane", C is the distillation, in a small still of the residue from B, and D is the still residue from the purification of crude isooctane, of 6 gallons of forerun and a like amount of still residue were obtained from them. This represents the material rejected from over 300 gallons of crude isooctane. A general picture of the materials involved is given in figure 1 , In this figure the portion A represents data obtained in the first fractional distillation of the Rahm & Haas forerun , Portion B was obtained from a fractional distillation of a sample of batch 12 ce.rtified "isooctane", and C represents the distill u tion, in a small still, of the residue from B. Portion D shows data obtained in the first fractional distillation of the Rahm & Haas residue. The chart is arranged to show the relations hetween the boiling r anges of the three materials. The scales of recovery for the forerun and the still residue are magnified relative to that for the certified isooctane, the forerun being actually 1.25 percent, and the still residue 2.16 percent, of the crude isooctane. The principal impurities cause the fiat portions at 79 and 125 0 C.
III. METHODS AND APPARATUS
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The forerun material was systematically distilled in 2.5-liter lots through fractionating columns packed with locket chain and having an efficiency of about 60 theoretical plates. The distillate was cut into portions boiling as follows: below 78° C, 78 to 81°C, 81 to 99.1° C, 99.2° C, and over 99.2° C. Similar fractions from successive lots were combined. When the entire ' supply of forerun had been so processed, each portion was again fractionated. Redistillation of each portion resulted in rejecting a certain amount of material to the next lower-and to the next higher-boiling portion, so that some further processing was required. In some cases, four successive fractionations were employed.
The still-residue material was first fractionated in a 30-plate bubble-cap column, and cut at 10° intervals up to 140° C, and at 20° intervals beyond 140° C. These cuts were then redistilled in locketchain columns. For material normally boiling below 130° C the distillation was carried out at atmospheric pressure, while for that normally boiling above 130° C it was carried out at 215 mm Hg pressure.
In the further treatment of fractions, distillation was used when the quantity available was over 600 mI, and fractional crystallization by equilibrium melting [1] ,2 or crystallization from methane whe, n the quantity was less. Crystallization from methane by the method developed by R. T. Leslie [2] was found to be decidedly superior to fractional crystallization without solvent, although, in some cases, it was inferior to distillation where sufficient material was available to make the latter possible.
DETERMINATION OF PHYSICAL PROPERTIES
Freezing points of samples were determined by means of apparatus described elsewhere [3] . A platinum resistance thermometer, frequently calibrated, was used for temperature measurement. Reproducibility of freezing points was ordinarily about 0.03 ° C for materials of medium purity.
Boiling points of samples of low purity were measured in a Cottrell boiling-point apparatus, using mercury-in-glass thermometers which were calibrated frequently. Samples of higher purity were distilled through a lO-inch jacketed column [4] , the jacket being heated electrically to a temperature such that slight condensation occurred in the column. This temperature was from 3 to 6° C below the boiling point of the sample. A platinum-resistance thermometer inserted in the column was used for the boiling-point measurement. The barometer used for air-pressure measurement was a Fuess Standard, graduated to 0.01 mm. Reproducibility of results, when corrected to 760 mm Hg, was about 0.01 ° C. All tabulated data given herein have been corrected to 760 mm Hg pressure.
Refractive indices of samples were measured on an Abbe refractometer (Valentine) graduated to 0.0001. This instrument was calibrated whenever tests were made, by measuring the index for distilled water, and for a sample of octane the index of which had been determined on a spectrometer. Results given in the tables herein are at 20 and 25° C for the D line of sodium.
Densities of less pure samples were measured by weighing a known volume on an analytical balance. Samples of high purity were measured by a pycnometer. All densities given in the tables herein are at 20° 0, and are expressed as grams per milliliter. The boiling point of the first fraction of the distillation of the forerun, which varied from 48 to 55° 0 for different lots, suggests the presence of 2,2-dirnethylbutane. The amount of this material recovered was not sufficient to make possible its positive identification.
A second fractionation of 1,100 ml of material fractionally distilling originally below 78° 0 yielded 450 ml of distillate. Data obtained on the fractions are shown in figure 2. Two hexanes were obtained from different portions of this material by fractional crystallization. The properties of these hexanes, designated as materials 1.120 and 1.130, are given in table 1. The properties found in the literature for hexanes boiling in this range are also given in table 1 for comparison. A third successive fraction al distillation of the portions of the forerun boiling between 78 and 81 ° C wa,s made. The change of refractive index, boiling point, and freezing point throughout this distillation suggested the presence of a slightly higher-boiling compound in addition to the 2,2-dimethylpentane responsible for tho fiat at 79.2° C on the boiling-point curve. A fourth fractional distillation was made in a smaller still, charging the latter fractions and the still .~ r esidue of the third distillation. The data obtained in this and the previous distillation have been combined and plotted in figure 3 and suggest the presence of 2,4-dimethylpentane. Two fractional cryst allizations of the purer fractions of the less volatile material yielded a compound with a freezing point of 1.5° C below that found by Edgar and Oalingaert [5] for synthetic 2,4-dimethylpentane. The properties of this material, designated as 1.2354CC, and of the purest 2,2-dirnethylpentane, 1.23300 are given in table 2. The properties given by Edga. r, Calingaert, and Marker for these compounds are also listed in table 2 .6745
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The properties found in the literature for hydrocarbons boiling near 90° 0 are given for comparison. Distillations of the purest samples of these materials are shown in figures 7 and 8.
In addition to the compounds described above, the Rahm & Haas forerun contained about 0.5 percent of material distilling above 99.2° O. A subsequent distillation of this material, the data of which are plotted in figure 9 , indicates the presence in the forerun, and consequently in the product to a greater extent, of materials boiling as high as 136° O. f fi
The remainder of the forerun, about 72 percent, was 2,2,4-trimethyl pentane. This material, purified by successive fractional rlistillations, yielded 2,2,4-trimethylpentane of high purity, which will be described in a subsequent paper.
V. IMPURITIES BOILING ABOVE "ISOOCTANE" Figure 10 gives a composite picture of the first fractional distillation of still-residue material. As mentioned earlier, di stillation of material normally boiling above 130° C was actually carried out at 215 mm Hg pressure, to obviate cracking. N early one-fourth of th e Fractional distillation of the material boiling between 100 and 110° C showed no other material boiling below 109° C . The material above 109° C was combined with the first material distilling from the 110 to 120° C cut, and again fractionally distilled. Properties of two portions of the resulting distillate, identified as 2.322CC and 2.323CC, which were twice crystallized from methane, are given in table 4 and the distillation curves of the purest samples of each are given in figures 11 and 12. TabJe 4 also gives the properties found in the literature for hydrocarbons boiling near 110° C. The material in the next higher-boiling cut was subjected to successive fractionations, the last of which yielded data given in figure 13 . The constant-boiling fractions were combined, as were the four fractions near the peak of the refractive-index curve. Two successive crystallizations from methane increased the diversity in characteristics of these two batches of material, proving the presence of at least two compounds. Properties of the final preparations designated as materials 2.3422CC and 2.3424CC, are given, with comparison data, in 
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N early one-fourth of the residue distilled between 120 and 130 0 C. Two fractional distillations separated this material into two compounds, one boiling at 124 0 C and one at 126 0 C. A third distillation of the 124 0 C material yielded fractions the freezing points of which are shown in figure 16 . This material is characterized by an increasing propensity to subcool as its purity is increased. A freezing curve on the purest fraction is shown in figure 17 . The 126 0 C material was twice crystallized from methane. Properties of the purest preparations of these two materials, designated as 2.422 and 2.52CC, are given in table 6, together with the properties found in the literature for 2,2,5-trimethylhexane. Distillation curves of the two materials are given in figures 18 and 19. 2,2,5-Me,Rexane [7, 11] · (121 to 123 }----------- 1. 3997 .70911 126
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A cryoscopic determination with benzene as the solvent gave 128.0 for the molecular weight of the 2.422 material. By analogy with properties given in the literature for 2,2,3-trimethylbutane, 2,2,4-trimethylpentane, and 2,2,6-trimethylheptane, it is clear that material 2.422 is 2,2,5-trimethylhexane, although the data given in the literature for the latter compound apparently were obtained on preparations of low purity. The 2.52CC material is, in view of its boiling point and octane number, probably a trimethylhexane. This is supported by the close agreement of its physical properties with those of the 2.422 material. Of the trimethylhexanes it seems probable that the 2,2,4-isomer would have properties most like those found for the 2.52CC material.
Small amounts of materials boiling between 132 and 142 0 C were obtained from the Rohm & Haas residue. None of these materials could be purified sufficiently to obtain a freezing point, although two were crystallized once from methane. The measured properties of the 2.54C material, given in table 7, agree reasonably with those given for 2,3,5-trimethylhexa,ne, but its octane number, 66.9, is so low that it seems more likely that it may be 2,4-dimethylheptane.
7187-37--7 The physical properties of material 2.62C agree most nearly with those given for 3,3-dimethylheptane and the octane number lends support to this belief. Material 2.63 has properties close to those given for 4-ethylheptane; the small amount of 2.63 precluded any attempt to purify it further. Comparing the properties of this material wit.h the listed properties, table 8, of 2,2,6-trimethylheptane, and with additional properties extrapolated from those of the analogous isomers of fewer carbon atoms (sometimes referred to as the 2,2,2'-isomers), it seems certain that material 2.65CC is 2,2,6-trimethylheptane, although much purer than previous preparations. The distillation curve, figure 20, by analogy with those for similar materials of known purity, suggests that this material is about 98 percent pure.
A much small quantity of material 2.68C was recovered from the source material, and was crystallized from methane once. The properties of this preparation are given in table 8 and the distillation data in figure 21 . No compound listed in the available literature shows similar properties. From the octane number it appears likely to be a trimethylheptane; the similarity between the respective properties of this material and 2,2,6-trimethylheptane, and of material 2.52CC and 2,2,5-trimethylhexane, suggests that 2.68C may be 2,2,4-or 2,2,5-trimethylheptane, although this is definitely speculative. Material 2.72C-l, the properties of which are given also in table 8, and the distillation in figure 22 , cannot be identified even t entatively, although its properties are close to those given for 2,6-dimethyloctane . Refractive index 
The remaining materials listed in '" Q. [Vol . 19 been identified. Material 2.78, which from its boiling point must be an undecane, appears to have a highly branched chain, in view of its octane number. Its properties do not suggest the hexamethylpentane, but it is possibly one of the pentamethylhexanes, such as the 2,2,3,3,4-isomer. For a compound of so high a boiling point, this material has an unusually high octane number.
In conclusion, the compounds listed in table 10 have been isolated from the crude synthetic isooctane, and have been identified with the degree of certainty indicated. It is a pleasure to acknowledge the great assistance rendered by members of the American Petroleum Institute Research Project 6, in carrying out this investigation. The writers take this opportunity to express indebtedness to Dr. F. D, Rossini and Mr. F. W. Rose, Jr., for their help given in this connection, and to the Project for tho use of their distillation apparatus.
